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This doctoral thesis proposes control law design methods considering implementation to 
aerospace vehicles. Among the control problems of aerospace vehicles, this thesis deals with two 
important issues; "characteristic variation" and "gust response". The former is the problem in 
which the characteristics of the controlled object change by the change of external environment 
or movable part of the vehicles. The latter is the problem in which excessive load or acceleration 
are generated by the aircraft encountering gust. Both are important issues in the automatic control 
of aerospace vehicles from the beginning to the present, and therefore, they constitute the core of 
this thesis. 
The issues of implementation are twofold: computing power and amount of memory of the 
onboard computer. The former imposes restrictions on the calculation performed in each control 
cycle, and the latter imposes restrictions on the amount of data required for the control law. This 
thesis derives control law design methods theoretically considering these implementation issues. 
Especially, regarding gain scheduling control and preview control which are used to deal with the 
two aforementioned important issues in the automatic control of aerospace vehicles, this thesis 
deals with design techniques suitable for implementation. 
These proposed methods are applied to a geostationary satellite in orbit and an experimental 
aircraft, and their effectiveness is confirmed by flight tests and simulation. In the case of a 
geostationary satellite, it is shown that the designed control law balances implementability and 
performance by comparing with other control laws. In the case of aircraft, it is shown that the 
degradation of the control performance is small compared with other higher order optimal control 
laws in spite of the simple structure of the designed control law, and that the proposed method 
can balance the control performance and the implementability. 
  
航空宇宙機への実装を考慮した制御則設計手法 



























近年の GS 手法に対する優位点である． 
突風応答に対応する制御に関しては，ボーイング社の 787 型旅客機に実装されてい
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???????????????????????? LAMS (Load Alleviation and Mode
Stabilization) ?? [5] ???????????????????????????????























































4 ? 1? ??
Table 1.1 Implemented attitude control laws of the Japanese rockets.
?????? L-4SC-5 M-V ?????
????? 1979? 1997? 2013?
??MPU (??????) MC68040 (32bit) HR5000 (64bit)
??? (ROM) – 512KB 2MB






????? (?????)????? 6???????????????? [17]?2013???


























































































1n ?????? 1??? n??????
0m×n ?????? 0???m? n????
0n ?????? 0??? n??????
diag{A,B, . . .} ?? A,B, . . .????????????
(???????????????????????????)
trace(A) ?? A?????
A⊗B ?? A? B ???????
(∗)T ?????? (??)??????
A⊥ ?? A??? A⊥A = 0????????????
Hzw ?? w?? z ???????
Fl{·, ·} lower LFT (? 2.2???)
Fu{·, ·} upper LFT (? 2.2???)
‖ · ‖ ??? L2 ??? (? 2.3???)
‖ · ‖2 ??????? H2 ??? (? 2.3???)
‖ · ‖∞ ??????? H∞ ??? (? 2.3???)
‖ · ‖L2 ????? L2 ??? (? 2.4???)













Fig. 2.1 (a) Lower LFT. (b) Upper LFT
2.2 LFT (Linear Fractional Transformation)














Γ : u = Gy
????????????? w ?? z ??????? Σ ? Γ ? lower LFT ?????
Fl{Σ,Γ} ??????????
Fl{Σ,Γ} := S11 + S12G(I − S22G)−1S21
????
?? Fig. 2.1 (b)???????????
∆ : w = Dz
?????? u?? y ??????? upper LFT?????Fu{∆,Σ}??????
Fu{∆,Σ} := S21(I −DS11)−1DS12 + S22.
2.3 ????????????????





2.4 L2 ??? 9


























?????????????? (???? LPV???????) ??????H∞ ???



























????????? (LMI: Linear Matrix Inequality) ????
????????n????????
x = [x1, x2, . . . , xn]
? n+ 1?????? Ai(i = 0, 1, . . . , n)??????????????














(ii) Q > 0?? P − SQ−1ST > 0
(iii) P > 0?? Q− STP−1S > 0
*1 ??????????????????????










































???????????????????????????? (??? [24, 25, 26]??)??
???Lyapunov??????????????????????????????????
????????????????????????????????????? Lyapunov




























 x˙ = A(θ)x+B1(θ)w +B2(θ)u,z = C1(θ)x+D11(θ)w +D12(θ)u,
y = C2(θ)x+D21(θ)w +D22(θ)u,
(3.1)
??? x ∈ Rn ??????????w ∈ Rr ??????u ∈ Rp ??????z ∈ Rm ?
????? y ∈ Rq ??????????????? θ(t)?????*2??????????
??????????????????????
θ(t) ∈ Θval := [θ, θ],
θ˙(t) = ω(t) ∈ Ωval := [ω, ω].
(3.2)
*1 ??????????????????LPV??????????????????
*2 ????????? θ ???????????????????????????????????????
?????????????????
3.3 ??????? 15
?????????????? (C2 = I,D21 = D22 = 0) ? GS ???????????
????????? GS???????????? 4?????????
???????????????????????
Γ : u = F (θ)x (3.3)
??? F (θ)?????? θ ??????????????????????????
LPV????????????? L2 ????????????????????????
?????????????????? [27] ?????????????????? LPV?
???????????????????????????? X(θ)≫ 0 (X(θ)≪ 0)???
??? α ???????? θ ∈ Θval ???? X(θ) ≥ α (X(θ) ≤ −α)?????????
?????
?? 3.1 ??? (θ, ω) ∈ (Θval × Ωval) ???????? LMI??
X(θ)≫ 0, (3.4) Qcl(θ, ω) B1(θ) ST (θ)BT1 (θ) −γIr DT11(θ)
S(θ) D11(θ) −γIm
≪ 0, (3.5)
??????? γ ???????????????X(θ) ∈ Rn×n ????????????
? Fl{Σ,Γ}??????? ||Fl{Σ,Γ}||L2 < γ ???????





S(θ) := C1(θ)X(θ) +D12(θ)F (θ)X(θ)




























?? 3.1?????????? (θ, ω) ∈ (Θval × Ωval)?????????? (3.4)(3.5)??
??????????????????????????????????????????
??????????? LPV????????????????????????????
????????????????????????? (3.1) ??? A(θ), B(θ), C(θ), D(θ)
? θ ???? affine ??? (???????????????????) ????????
Bu(θ) ??? Du(θ) ???????????? (??? Bu(θ) = Bu, Du(θ) = Du) ???
??????????? X(θ) ????????? (X(θ) = X,∂X(θ)∂θ = 0) ???????



















A(θ) = AΣi +
θ − θΣi
θΣi+1 − θΣi
(AΣi+1 −AΣi ), (3.6)
θ ∈ [θΣi , θΣi+1], i = 0, 1, . . . , NΣ,
???????????? θΣi ? A(θ) ????????θ = θΣ0 < θΣ1 < . . . < θΣNΣ <
θΣNΣ+1 = θ ????????????? θΣi ????? Θval ???? DΣ = {θ =
θΣ0 , θ
Σ
1 , . . . , θ
Σ
NΣ




?? [28]????????????????? 3.1???????????? LMI???
????????????
?? 3.2 [28] ??? (i)? (ii)???????
(i) θ??????????????????? F (θ) ??????????????????
X(θ)????????? (θ, ω) ∈ (Θval × Ωval)????? (3.4)(3.5)????.
(ii) DΣ ??????????D(D = {θ = θ0, θ1,. . . , θN , θN+1 = θ})??? Wk ?????
?? Xk(k = 0, 1, . . . , N + 1)??????ω = ω, ω ????????????????
Xk > 0, k = 0, 1, ..., N + 1, (3.7)
18 ? 3? ??????? GS?????? Qcl(k) Bk STkBTk −γI DTk
Sk Dk −γI
 := Jcl(k) < 0, k = 0, 1, ..., N, (3.8)
 Q−cl(k) Bk STkBTk −γI DTk
Sk Dk −γI






cl(k)) < 0, k = 0, 1, ..., N, (3.10)













∆Xk−1 +Bu(k)Wk +WTk B
T
u(k),
Sk := CkXk +Du(k)Wk,
Lcl(k) :=
 L11cl(k) ∆Bk 00 0 0
L31cl(k) ∆Dk 0
 ,
L11cl(k) := (∆AkXk +Ak∆Xk) + (∆Bu(k)Wk +Bu(k)∆Wk),
L31cl(k) := (∆CkXk + Ck∆Xk) + (∆Du(k)Wk +Du(k)∆Wk),
??????? ∆ ??????????? ∆θk := θk+1 − θk,∆X := Xk+1 − Xk,∆A :=
A(θk+1)−A(θk)????













??? l??????????????XS ?WS ????????????
XS(θ) = Xk +
θ − θk
θk+1 − θk (Xk+1 −Xk),
WS(θ) =Wk +
θ − θk
θk+1 − θk (Wk+1 −Wk), for θ ∈ [θk, θk+1].
?????????????????????????????????????????
???????? X(θ) ?? (3.11) ?????????????? (3.7)–(3.10) ?????





• ????????????? (X−1S (θ))?????????????????????
????????????









? (3.12)???????????? XS(θ)??????????????????? 3.1?






?? 3.1 ?? X(θ) ? F (θ) ???????????????? 3.2 ? XS(θ) ?????
???????????????????????????????????????X(θ)
? F (θ)?????????????? 3.1????????????





BT1 (θ) −γIr DT11(θ) 0
C1(θ)X(θ) D11(θ) −γIm 0








G(θ, ω) [ In 0 0 −ϵIn ]+ (∗)T ≪ 0, (3.14)






??????? γ???????? ϵ??????????????? X(θ) ∈ Rn×n ?
??????? G(θ, ω) ∈ Rn×n ????????????? Fl{Σ,Γ} ???????
||Fl{Σ,Γ}||L2 < γ ????










 In 0 0 −B2(θ)F (θ)0 Ir 0 0




??? (3.5)????????X(θ) > 0?????? ϵB2(θ)F (θ)X(θ)0
ϵD12(θ)F (θ)X(θ)
(2ϵX−1(θ)) [ ϵX(θ)FT (θ)BT2 (θ) 0 ϵX(θ)FT (θ)DT12(θ) ] ≥ 0, (3.15)
?????????? ϵ??????ϵ?????????? (3.5)???????????
????????????????? Schur???????????
⋆11 B1(θ) ⋆13 −ϵB2(θ)F (θ)X(θ)
BT1 (θ) −γIr DT11(θ) 0
⋆T13 D11(θ) −γIm −ϵD12(θ)F (θ)X(θ)




+A(θ)X(θ) +X(θ)AT (θ) +B2(θ)F (θ)X(θ) +X(θ)F
T (θ)BT2 (θ),
⋆13 := X(θ)CT1 (θ) +X(θ)FT (θ)DT12(θ)
???????? (3.14)? G(θ, ω)??? G(θ, ω) = GT (θ, ω) = X(θ) ?????????
???
3.4.2 ?????????????????




???????????? Θval ???????DΣ ?????????? D
D := {θ = θ0, θ1, . . . , θN , θN+1 = θ}, N ≥ NΣ
???????????????D ????????? {θ1, . . . , θN}??? NΓ(≤ N)??
???????????????DΓ ??????
DΓ := {θ = θΓ0 , θΓ1 , . . . , θΓNΓ , θΓNΓ+1 = θ}, (3.16)
(θΓ0 < θ
Γ







???DΓ ??D?????? (???X(θ)??????)????????? Θval ???
???????????DΓ ??????????? F (θ)???????
? Θval = [0, 6], DΣ = {0, 6}??D = {0, 2, 4, 6},(NΣ = 0, N = 2)?????????
???DΓ ?????{0, 6}(NΓ = 0), {0, 2, 6}, {0, 4, 6}(NΓ = 1)??? {0, 2, 4, 6}(NΓ = 2)
????
???????? 3.3???????????????????????????????
[28]?????????? (3.14)?? G(θ, ω) ? ω ??????????? G(θ)???*3?
?? 3.1 ?? (i)? (ii)???????
(i) θ??????????????????? F (θ)??????????????? X(θ)?
???????? G(θ)????? γ,ϵ????????? (θ, ω) ∈ (Θval × Ωval) ????
? (3.13)(3.14)?????
(ii) Θval ??? DΣ?????????? D?? (3.16) ???????? DΓ?n ??
??? Xk(k = {0, 1, . . . , N + 1})?n ?????? GΓj (j = {0, 1, . . . , NΓ + 1})???
WΓj (j = {0, 1, . . . , NΓ + 1})????? γ,ϵ??????ω = ω, ω ???????????
?????




BT1(k) −γIr DT11(k) 0
Sk D11(k) −γIm −ϵD12(k)Wk
RTk 0 −ϵWTk DT12(k) −ϵ(Gk +GTk )

=: Jcl(k) < 0, k = 0, 1, ..., N, (3.18)
*3 ?? [29] ??????G ? ω ???????????????????????????????????
?????????????????




BT1(k) −γIr DT11(k) 0
Sk D11(k) −γIm −ϵD12(k)Wk
RTk 0 −ϵWTk DT12(k) −ϵ(Gk +GTk )
 < 0,






cl(k)) < 0, k = 0, 1, ..., N, (3.20)










(for k s.t. θΓj ≤ θk ≤ θΓj+1),















∆Xk−1 +B2(k)Wk +WTk B
T
2(k),
Rk := Gk −Xk − ϵB2(k)Wk,
Sk := C1(k)Xk +D12(k)Wk,
Lcl(k) :=

L11cl(k) ∆B1(k) 0 L
14
cl(k)
0 0 0 0
L31cl(k) ∆D11(k) 0 L
34
cl(k)
0 0 0 −2ϵ∆Gk
 ,
L11cl(k) := (∆AkXk +Ak∆Xk) + (∆B2(k)Wk +B2(k)∆Wk),
L31cl(k) := (∆C11(k)Xk + C11(k)∆Xk) + (∆D12(k)Wk +D12(k)∆Wk),
L14cl(k) := ∆Gk −∆Xk − ϵ(∆B2(k)Wk +B2(k)∆Wk),
L34cl(k) := −ϵ(∆D12(k)Wk +D12(k)∆Wk),
????Ak := A(θk)????B1(k) ?????????????????????∆???
??? (∆θk := θk+1 − θk,∆Xk := Xk+1 −Xk,∆Ak := Ak+1 −Ak ??)?
(ii) ????????(i) ????? X(θ) ? F (θ) ?????? (3.17)-(3.20) ?????
Xk(k = 0, 1, . . . , N + 1)???WΓj , GΓj (j = 0, 1, . . . , NΓ + 1)?????????????
??????? D ????? XS(θ)????????????
XS(θ) := Xk +
θ − θk
θk+1 − θk (Xk+1 −Xk),
for θ ∈ [θk, θk+1], k = 0, 1, . . . , N.
3.4 ???????? 23





















??? l ???????????????????????????? F (θ)???????
??????





?? ? (3.13)(3.14) ???? 3.2 ???????????????????????





(θ) ?????????? D ?????? θ ∈ [θk − l2 , θk+1 + l2 ] ?????
???????????????????????? XS(θ) ??? (D) ??WΓS (θ) ???
GΓS(θ)??? (DΓ)??????????θk /∈ DΓ ?? GΓj ,WΓj ????????????
? Gk,Wk ??????????
(i)⇒(ii)? DΓ = D ???????????? D ???? (ii)?????????????
????????
3.4.3 ???????????
? (3.17)–(3.20)???*4????L2 ???????????????????? (3.21)?
????????????????????????????????
• ?????????? F (θ)?????Lyapunov?????????XS(θ)????
?????
• GΓ∗ ?????? (GΓ∗ = G)?????? (3.17)–(3.20)?????GΓS(θ)?????
??????? θ ??????????????????? F (θ)???????
*4 ??? (3.17)–(3.20) ? ϵ???????? LMI??????ϵ????????????????????
??? LMI????????????????? [35]?
24 ? 3? ??????? GS??????
?? 3.2?????? F (θ)????XS(θ)?????????????F (θ)?XS(θ)??
? D ??????????????????????????????? XS(θ)?????
?????????????????????????? (????????????)??
??????????????????????XS(θ)???D??????F (θ)????
??????????????WΓS (θ)??? GΓS(θ)??D ?????????? DΓ ??
??????????????? Lyapunov???????? XS(θ)??????????






???????????? (3.17)–(3.20) ?????? D ??????????????
DΓ ????????????????????????????????????????












A(θ) ∈ A¯(θ) + Ea∆aFa, ‖∆a‖∞ ≤ 1
?????????????????????? ∆a ∈ Rn
2×n2 ? A ??????????
????????????????? Ea, Fa ???????????????? (?? [37]


















A¯(θ) B¯1(θ) Ea Eb1 Eb2 0 0 0 B¯2(θ)
C¯1(θ) D¯11(θ) 0 0 0 Ec1 Ed11 Ed12 D¯12(θ)
Fa 0 0 0 0 0 0 0 0
0 Fb1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 Fb2
Fc1 0 0 0 0 0 0 0 0
0 Fd11 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 Fd12
In 0 0 0 0 0 0 0 0

.
?? ∆Σ := diag(∆a,∆b1,∆b2,∆c1,∆d11,∆d12)?∆p ???????????????
????????∆ = diag(∆p,∆Σ), κ ?????????????????????
?????????? (3.17)–(3.20) ????????? M(θ) ? ‖M(θ)‖L2 < 1 ??
??????????????????? Fl{Σ¯,Γ} ????? ∆Σ ????????
‖Fu{Fl{Σ¯,Γ},∆Σ}‖L2 = ‖Fl{Σ,Γ}‖L2 < κ????????? ∆Σ ??????????
?????????????????????????????????????????
?? 3.1 ???????????E∗, F∗ ??? 0???????????M(θ) ? (1, 1)?
? ??? ‖M11(θ)‖L2 < 1?????????????????????????????
??????????????????????????????????????????
E∗ ??? F∗ ??????????????Fig. 3.1?? wΣ ?? zΣ ? L2 ???????




?? 3.2 ???????????????? L2 ???????????????????
???????????????????????????? 3.1?????LMI?? (3.18)
??? (3.19)? ω = ω, ω ???????????????? Θval ???????ω, ω ??










BT1(k) −γIr DT11(k) 0
Sk D11(k) −γIm −ϵD12(k)Wk
RTk 0 −ϵWTk DT12(k) −ϵ(Gk +GTk )
 < 0,
for k = 0, 1, ..., N + 1.
??? θk ∈ D ???????? Fk := WkG−1k ????????? H∞ ??????? γ
???????? LMI???????? DΣ ⊆ D ?????????? 3.1???????
????????? θΣk ???? ‖Fl{Σ(θΣk ), FΣk }‖∞ < γ ????????????? FΣk
?????????????????? θΣk ??????????????????????
?????????????H∞ ???????????????????? [20]?????
???????? H∞ ????????? L2 ????????????????????










??????? (? 6 ????)????????????????????????
?????????????????? [38]?
3.5 ??? 27
?????????????????? (θn ∈ Θval)?????????????θn ???
???????????????????????????????? 3.1?? (3.18)(3.19)





x˙ = A(θ)x + B1(θ)w + B2(θ)u,





0 1 + θ2
−4 + 0.1θ −5 + 0.2θ + 0.1θ2
]































∆(s, θ) = s2 − (0.1θ2 + 0.2θ − 5)s− (θ2 + 1)(0.1θ − 4)) ,
???????????????
s =
0.1θ2 + 0.2θ − 5±√(0.1θ2 + 0.2θ − 5)2 + 4(θ2 + 1)(0.1θ − 4)
2
??????? θ ∈ Θval ????????????? θ = 0??? s = −1??θ = − 111 ?
?? s = − 122121 ??? (???)????????????????????
?????????????? L2 ????????????????????? F (θ)
???????????????????????? Lyapunov ???????????
??? 31(NΣ = N = 29) ???????????????????????A(θ) ???
28 ? 3? ??????? GS??????
B1(θ) = B2(θ)???????????????
A(θ) ∈ A¯(θ) + Ea∆aFa
=
[
0 1 + f¯(θ)























∆b · 0.01, (3.24)
‖∆a‖∞ ≤ 1, ‖∆b‖∞ ≤ 1.
??? f¯(θ)??θ2??????? 31?????????????????????????
?? A(θ)??? B1(θ)?????∆a = ∆b ∈ R1×1 ??????∆Σ ????? repeated
scalar????????
?????????????? GΓS(θ) ????????? (GΓS(θ) = GΓ∗ = G) ????
?????????????NΓ = 0(???? 2: DΓ = {−3, 3})?NΓ = 1(???? 3:
DΓ = {−3, 0, 3}) ? 2???????????????????? L2 ??????????
???????????????? Table 3.1 ???????????? LPV ??????







??????? NΓ = 0????????? [39]?????? L2 ???????? (0.5%
??)?????????NΓ = 1??? 20%???????????? [39]??? NΓ = 1
?????????????????? θ(t)??? w(t)????????????????
Fig. 3.2??? Fig. 3.3????
θ(t) = 3 sin(0.5t),
w(t) =
{




Table 3.1 Minimized upper bound of L2 gain in each case.





NΓ = 0 NΓ = 1
1.2441 0.9881 1.2501 0.9991








Fig. 3.2 Response of z1(t).
3.5.2 ?? [28]??????
????? 3.1 ???????? [28] ??????????????????????
??????????????????????????NΣ = N = 29 ???????
(3.23)(3.24)????????????????? [28]????? NΓ ??? N ?????
???





30 ? 3? ??????? GS??????









Fig. 3.3 Response of z2(t).
??? [39]???
F (θ) = (Y0 + θY1)(X0 + θX1)
−1, (3.25)





??? XS(θ) = Xk +
θ − θk
θk+1 − θk (Xk+1 −Xk),
WS(θ) =Wk +
θ − θk
θk+1 − θk (Wk+1 −Wk),
for θ ∈ [θk, θk+1], k = 0, . . . , 29.
(X∗ ∈ R2×2,W∗ ∈ R1×2).
????? (NΓ = 1, GΓS(θ) = GΓ∗ = G)






{ {WΓ0 + θ+33 (WΓ1 −WΓ0 )}G−1,−3 ≤ θ ≤ 0,





3 (F1 − F0), −3 ≤ θ ≤ 0,
F1 +
θ




Table 3.2 Number of real parameters required for implementation.
Reference [39] Reference [28]
Proposed method
(NΓ = 1, G
Γ
∗ = G)
n(2p+ n+ 1) n(p+ n+12 )(N + 2) pn(NΓ + 2)
=10 =155 =6
????????????????????????Table 3.2?????????????
???????????????? (3.25)????????????????? 10 ????
???????? (3.27)?? 6????????? 40%?????????? [39]????
????????????????????????????????
??? (3.26) ????????? 155 ???????????? 25 ?????????


































??????????? (ETS: Engineering Test Sattelite) VI???? 6? (ETS-VI)??






??????????????2006 ?????????????????? 8 ? (ETS-





34 ? 4? ????: ?????????????









????????????? 8???2006? 12?? H-IIA???? 11????????
??????????????????????????????????????????
??????????????????????????????????????????
??????????????????? 8????? 3?????? 40m???????
????? 2 ??????????? 2 ???????????????????????
?????????????? 24?????????? (Fig. 4.1).
4.2.2 ?? 8????????
?? 8?? 2009? 12?? 3??????????????? 1???????????
??????????????????????????????????????????


































































• PD??? +LPF (????????)
• DDFB (Dynamic Displacement FeedBack)???
• µ???????? [44]
• GS???





?????????? 4 ???????????? (RW1?RW4) ??????????
?????????? ±0.04 Nm ??????????????????????????
??????????????????????????????????????????
???









 x˙ = A(θ)x+B1(θ)w +B2(θ)u,z = C1(θ)x+D11(θ)w +D12(θ)u,
y = C2(θ)x+D21(θ)w +D22(θ)u,
(4.1)
??? x ∈ Rn ??????????w ∈ Rr ??????u ∈ Rp ??????z ∈ Rm ?
????? y ∈ Rq ????????????????????????????????
(D22(θ) = 0)??????????????????????? θ(t) ∈ R1 ???????
??????????????????????????
θ(t) ∈ Θval := [θ, θ],
θ˙(t) = ω(t) ∈ Ωval := [ω, ω].
? (4.1)?????????? θ ??????????????????? A(θ)?
A(θ) = AΣi +
θ − θΣi
θΣi+1 − θΣi
(AΣi+1 −AΣi ), (4.2)
θ ∈ [θΣi , θΣi+1], i = 0, 1, . . . , NΣ,
?????????? θΣi ?A(θ)??????? (θ = θΣ0 < θΣ1 < . . . < θΣNΣ < θΣNΣ+1 = θ)?





x˙c = Ac(θ)xc +Bc(θ)y,
u = Cc(θ)xc,
(4.3)
??????? xc ∈ Rn ???????????????????? (= n)????? 3?
?????LPV????????? L2 ???????????? [27]?????????
??????????????
?? 4.1 ??? (θ, ω) ∈ (Θval × Ωval) ???????????????
Ycl(θ)≫ 0, (4.4)





??????? γ ??????????????? Ycl(θ) ∈ Rn×n ????????Σ? Γ
???????????????? ||Tzw||L2 < γ ???????























????? Ycl(θ)??????? xT (t)Ycl(θ(t))x(t)??????? Lyapunov??????




Bc(θ)??? Ycl(11)(θ)????? C2(θ)???????????? 3.1?????????




?? 3.1 ???DΣ ???????? D (D = {θ = θ0, θ1, . . . , θN , θN+1 = θ}) ??Θval
?????? D ?????????? DΓ ??????
DΓ = {θ = θΓ0 , θΓ1 , . . . , θΓNΓ , θΓNΓ+1 = θ},
DΓ ⊆ D (NΓ ≤ N). (4.6)
????????? DΓ ??????????????? Γ?????
?? 4.1 ?? DΣ ??? D(D = {θ0, θ1, . . . , θN , θN+1})?? (4.6) ???????? DΓ?
???? Yk, Sk(k = {0, 1, . . . , N + 1})??? GΓj , V Γj ,WΓj (j = {0, 1, . . . , NΓ + 1}), Bc ?
??? ϵ, γ ????????? (4.7)–(4.10) ? ω = ω, ω ??????????????
































11(k) −γIr 0 0
R1k
T −ϵV Tk −ϵWTk DT12(k) 0 −ϵ(Gk +GTk ) 0
−ϵWTk BT2(k) R2k
T −ϵWTk DT12(k) 0 0 −ϵ(Gk +GTk )

































11(k) −γIr 0 0
R1k
T −ϵV Tk −ϵWTk DT12(k) 0 −ϵ(Gk +GTk ) 0
−ϵWTk BT2(k) R2k
T −ϵWTk DT12(k) 0 0 −ϵ(Gk +GTk )



















cl(k) 0 Bc∆D21(k) −ϵ∆Vk L26cl(k)
L31cl(k) L
32





0 0 0 0 0 0
0 0 0 0 −ϵ∆Gk 0
0 0 0 0 0 −ϵ∆Gk

(4.4)–(4.5)??????? Ycl(θ), Ac(θ), Cc(θ)?????????
Gk :=



















(V Γj+1 − V Γj ),












(otherwise; θΓj < θk < θ
Γ
j+1)
40 ? 4? ????: ?????????????




































































k − Sk − ϵB2(k)Wk,
R2k := G
T
k − Sk − ϵVk,
U1k := C1(k)Yk +D12(k)Wk,
U2k := C1(k)Sk +D12(k)Wk,
L11cl(k) := (∆AkYk +Ak∆Yk) + (∆B2(k)Wk +B2(k)∆Wk),
L12cl(k) := (∆AkSk +Ak∆Sk) + (∆B2(k)Wk +B2(k)∆Wk),
L21cl(k) := Bc(∆C2(k)Yk + C2(k)∆Yk) + ∆Vk,
L22cl(k) := Bc(∆C2(k)Sk + C2(k)∆Sk) + ∆Vk,
L15cl(k) := ∆G
T
k −∆Sk − ϵ(∆B2(k)Wk +B2(k)∆Wk),
L16cl(k) := −ϵ(∆B2(k)Wk +B2(k)∆Wk),
L26cl(k) := ∆G
T
k −∆Sk − ϵ∆Vk,
L31cl(k) := (∆C1(k)Yk + C1(k)∆Yk) + (∆D12(k)Wk +D12(k)∆Wk),
L32cl(k) := (∆C1(k)Sk + C1(k)∆Sk) + (∆D12(k)Wk +D12(k)∆Wk),




??????? Ak := A(θk)????B1(k) ?????????????????????∆




































YS(θ) := Yk +
θ − θk
θk+1 − θk (Yk+1 − Yk),
SS(θ) := Sk +
θ − θk
θk+1 − θk (Sk+1 − Sk), for θ ∈ [θk, θk+1],

















(GΓj+1 −GΓj ), for θ ∈ [θΓj , θΓj+1]
????
?? ?? A????
?? 4.1 ??? (4.7)–(4.10) ???? ϵ ????? Wk ??? Gk ??????????
LMI??????ϵ?????????????????????? LMI????????
????????
?? 4.2 ?? 3.1??????? 4.1?????? θΣk ???? ‖Fl{Σ(θΣk ),Γ(θΣk )}‖∞ < γ
???????????? Γ(θΣk ) ??????????????????????????
??? Σ????????????????????? (?????????? 3.3???)?
??????????????????????????????????????????
????????????????
42 ? 4? ????: ?????????????




? 4.1?????GΓ∗ ?????? (GΓ∗ = G)?????? (4.7)–(4.10)?????????









????????????? 8???????? 2?????????? 2???????













(i) = u, (4.12)












Fig. 4.3 Satellite configuration.
?
PTi (θ)Ψ¨ + µ¨
(i) +Ω2iµ
(i) = 0,
(i = n, s, a, b),
(4.13)
??? Ψ ∈ R3×1 ????????????(µ(n), µ(s)) ??? (µ(a), µ(b)) ???/???
?????????? A/B???????????????????? (µ(i) ∈ Rnv(i)×1)?
nv(i) ????? (i) ??????????Ωi ∈ Rnv(i)×nv(i) ? µ(i) ?????????
?????????? J(θ) ∈ R3×3 ????? (????????) ?????????
Pi(θ) ∈ R3×nv(i) ????????????????????? u ∈ R3×1 ???????
?????????????????????????? (y = [ΨT , Ψ˙T ]T ∈ R6×1)????
?????????????????????J(θ)??? Pi(θ)????? θ ??????
??????? J(θ)??????????????Pi(θ)??? Ωi ???????????
???????????????????????
? (4.12)(4.13)????????????






















44 ? 4? ????: ?????????????
???????? (4.14)???????????????????????? q ?????
??????????????????????????????????????????




??????????? η ∈ R3+Σinv(i) ??????
η := φ−1(θ)q, φ(θ) =
[
φ1(θ) φ2(θ) . . . φ3+Σinv(i)(θ)
]?




i (θ)M(θ)φi(θ), (i = 1, ..., 3 + Σinv(i)). (4.15)(
σ21(0) ≤ σ22(0) ≤ · · · ≤ σ23+Σinv(i)(0)
)
K ?M(θ)???????M(θ)????????????? σ2i (θ)??????????
???????
φT (θ)M(θ)φ(θ) = I3+Σinv(i), φ
T (θ)Kφ(θ) = diag{σ2i (θ)} := Σ2(θ).
???????? q ?? η ??????????????? ∆(θ)η˙ ??????????












Φ(θ) := φT (θ)H, ∆(θ) := diag{2ζiσi(θ)}.









4.4 ?? 8????? 45



























Fig. 4.4 Paddle angle dependence of Σ2.
?????????Σ2(θ)???? σ2i (θ)??????????????? (σi = 0, i = 1, 2, 3)
??????? 5??????? θ???? Fig. 4.4??????????????????
????????????????????????????????????
4.4.3 ??????????
????????????? Fig. 4.4?????????????????????? 0?
??? 180?????????????????? 8????90???? 270??????
??????????????????? (?? B???)???????????????
??? θ ?????? θ ∈ [0, 90] =: Θval ?????
????? (4.16)?????????????????????????????????
??????????????????????????????????????????













































































































????????? (??????) ????????????? LPV ?????????
??Fig. 4.5????????????????????????????????????
4.4 ?? 8????? 47































??????? (4.17)??????????? Fig. 4.6????????????????
????????? 4?????? 1????????? 1???????.
4.4.4 ????????????????
? (4.17)?????????????? 4.1?????????????????? (4.2)
???????????????????? 9 ?????????????? (NΣ = 7) ?
48 ? 4? ????: ?????????????
?????????????????????? θ ???????????????
DΣ := {0, 11.25, 22.5, 33.75, 45, 56.25, 67.5, 78.75, 90}




Arom(θ) ∈ A¯rom(θ) + EaδA84Fa, |δA84 | ≤ 1,
Ea = [01×7, emax,01×6]T , Fa = [01×3, 1,01×10].
A¯rom(θ)? Arom(θ)????? θ ???????????????emax ? θ ∈ Θval ???
?????????????Fig. 4.7?????????????????????????
??????????????????????????????????????????




 A¯rom(θ) B¯rom(θ) EaC¯rom(θ) D¯rom(θ) 0
Fa 0 0
 .












???????? Fig. 4.9???????W ????????????Γ(θ)???????
4.4 ?? 8????? 49










Fig. 4.7 The (8,4)’th element of A(θ) (solid line) and the approximate matrix (bro-
ken line). The dotted lines represent the values at δA84 = ±1.
?????????????Λ??? η ????????????? u?????????
???????????w1 → z1 ???????????????????????????
w2 → z2 ????????????w2 → z3 ???????????w3 → z4 ??????
????????????????
?????????????????????????? θ ∈ Θval ?????
||Tzw||L2 < 1,
w = [w1, w2, w3]
T , z = [z1, z2, z3, z4]
T ,
(4.18)
??? [w1, w2, w3]T ?? [z1, z2, z3, z4]T ???????? L2 ???? 1????????
??????????????????????????????
4.4.7 ?????????
?? 1???? (4.7)–(4.10) ?????????????????????????? Bc
?????????????? (4.18)??????????? θ ????????????
??? H∞ ????????????????????? θ = 0 ???????????
???? Bc ????????? Ycl(θ)?????????????? (D = DΣ)????
?????????????????????????????????????????
(NΓ = 0, D
Γ = {0, 90})???????????????????????????????











































Fig. 4.9 Generalized plant and controller Γ(θ).
?? GΓ0 = GΓ1 (= G)????????????
??????????? 8?????????????? (4.7)–(4.10)?????????
???? L2 ???? 1???????????????????????????????
4.4 ?? 8????? 51




















(V Γ1 − V Γ0 )
}
G−1
= Ac1 · θ
90











= Cc1 · θ
90
+ Cc0 · (1− θ
90
), (4.20)
(θ ∈ [0, 90]).
????????????? θ????????????????????????????
??????????????????????????????? (Ac0, Cc0)?(Ac1, Cc1)
??????????????????????????????????????????
????? θ ∈ [0, 360]???????????????????????????????




52 ? 4? ????: ?????????????
Table 4.1 Processing time and required memory size of each control law.
processing required memory
time [msec] size [byte]
PD+LPF 0.07 668
Gain scheduling 1.40 4140






??? 2 msec ???????????????????????????????µ???
??????????????? 16 Hz?? 8 Hz??????DVDFB?????????
????????????????????????????????GS????????




??????????? 1?? 2009? 6? 21??? 29??? 2?? 2010? 2? 28?
?? 3? 8?????????????????? 1?????????????
4.5.1 ??????
???????????? 4.2.3????? 5????????????????????
???? 1??????????? 3??????? 2????? 6???????????
• ?????? (??????)
?? 8 ???????????????????????????????????
?????? Fig. 4.11????? ± 0.05 ???????????????????
????????????????????????? 1???????? 45???
4.5 ??????? 53




























?????? 130 ?????? 2??????? 150??? 160?????
????? 1????????????????????? (??????????) ?GS
?????????????????????? PD??? +LPF???????????
*4 ????????????????????????????????????????????

























































Fig. 4.12 Step responses of roll and pitch angle with corresponding input signals.


























































Fig. 4.13 Step responses of roll and pitch angle with corresponding input signals.
The paddle rotation angle θ = 45 at t = 0. Solid lines: GS controller. Dotted lines:
PD+LPF.
4.5.2 ?????? (??????)
?????? 1?????????????? Fig. 4.12??2??? Fig. 4.13?????


















































Fig. 4.14 Impulse disturbance responses of roll and pitch angle with corresponding
input signals. The paddle rotation angle θ = 75 at t = 0. Solid lines: GS controller.
Dotted lines: PD+LPF.





??????????????????????? 1??? Fig. 4.14??2??? Fig. 4.15
???????? PD????????GS??????????????????????
???? 1 ??? 2 ??????????PD ????????????????????
GS??????????????????????????????????????








































Fig. 4.15 Impulse disturbance responses of roll and pitch angle with corresponding
















?????? [52]?????? [53, 54]???????? [55, 56]????????????
????????????????????? (LQR)?????????????????
?? H2 ?? [57, 58, 59]? H∞ ?? [60, 61]?????????????????????
???????????????????????????? [62]?????????? [63]
??????? [64, 65] ???????????????????????????????
??????????????????????????????????????????
??????????????????????????????????????????
























 x(k + 1) = Ax(k) +B1w(k) +B2u(k)z(k) = C1x(k) +D11w(k) +D12u(k)
y(k) = C2x(k) +D21w(k) +D22u(k)
(5.1)
??? x(k) ∈ Rn, u(k) ∈ Rp, w(k) ∈ Rr, z(k) ∈ Rm, y(k) ∈ Rq ????? k ?????
??????????????????????????????????????? w(k)




wT (k) wT (k + 1) . . . wT (k + h)
]T ∈ Rr(h+1)
??k ????????????????????? h ????????????????
xd(k) ????? w(k)????????????? w(k+ h+1)????????????
??????
xd(k + 1) = Adxd(k) +Bdw(k + h+ 1), (5.2)
w(k) = Cdxd(k), (5.3)
Ad :=

0 Ir 0 · · · 0
0 0






0 · · · · · · 0 Ir









Ir 0 . . . 0 0
] ∈ Rr×r(h+1).
5.2 ???? 59
?????x(k)? xd(k)??????? Sa ???????????
Sa :

xa(k + 1) = Aaxa(k) +Bwaw(k + h+ 1) +Buau(k)
































, Dua := D12, Dwa := 0.
????????????????????????????????????? u(k) =
Kaya(k)??????????????????????????????????????














= ufb(k) + uff (k), (5.5)
???????
ufb(k) = Kby(k), (5.6)
uff (k) = Kfxd(k). (5.7)





???????????????????? Sa ???? w(k + h+ 1)?? z(k)?????
?? Hzw ? H2 ??????????????????????????????
?? 5.1 ???????? Sa ??????????????? u(k) = Kaxa(k)????
??????????? γ2 ?????????H2 ???? ‖Hzw‖2 < γ2 ????????
???????????????????? P,W , Ka ???????????
trace(W ) < γ22 ,








> 0, (5.8) P AaP +BuaKaP BwaPATa + PKTa BTua P 0
BTwa 0 Ir
 > 0. (5.9)
?? H2 ????????????????? ([68]?????)? Sa ?????????
?????
??????? (5.8)??? (5.9)?Ka ? P ???????????????? (KaP =
[Kb Kf ]P = L) ??? LMI ?????????????????????????? Kb
??????????????????? Kf ??LMI ????? L ??? P ????




?????????Kb ???Kf ???????????????Ka ?????????
?????????????????????????????????????? LMI?


















(k) . . . xTdr (k)
]T ∈ R∑rj=1(hj+1),
*1 ??????????????????????? (= h ????) ??????????????????
j ???????????? hj ????????? [57] ???????????????????????
??????????
5.3 ??????????????????????? 61
???????Kf ??????? p× r ????????????
Kf =
 Kf11 · · · Kf1r... . . . ...
Kfp1 · · · Kfpr
 ∈ Rp×∑rj=1(hj+1),
??? Kfij ∈ R1×(hj+1) ??xdj (k) ?? ui(k) ???????????????????
???
5.3.1 ??????????????
?????????????? Kb ?????????????????????? H2 ?
??????Kf ????????????
?? 5.1 ????????? S ????????????????????????Kb ?
???????
u(k) = Kbx(k) +Kfxd(k) (5.10)
??????????????????????????? 0??? (xd(0) = 0∑r
j=1(hj+1)
)?
????????? γ2 ????H2 ???? ‖Hzw‖2 < γ2 ???????????????
??????Kf ????????????????????????????? P,W ??
? K˜f ???????????





> 0, (5.11) P AclP BclPATcl P 0
BTcl 0 Ir
 > 0, (5.12)
???
Acl :=


















Ad := diag{Ad1 , . . . , Adr}, Adp := Ip ⊗Ad,
Bd := diag{Bd1 , . . . , Bdr}, B˜dp := Ip ⊗ [BTd1 , . . . , BTdr ]T ,
Cd := diag {Cd1 , . . . , Cdr} ,
62 ? 5? ???????????????
K˜f := [diag{Kf11 , . . . ,Kf1r}, · · · ,diag{Kfp1 , . . . ,Kfpr}],
Adi :=

0 1 0 · · · 0
0 0






0 · · · · · · 0 1









1 0 . . . 0 0
] ∈ R1×(hi+1).
?? ????????????????????? u(k) ??????? w(k) ????
(p = r = 1)????????
Ad = Adp = Ad1 ,Bd = B˜dp = Bd1 ,Cd = Cd1 , K˜f = Kf .
???????? (p > 1??? r > 1)?????????? D????
???? S ??? (5.10)????????????????????
Sac :
 x(k + 1) = (A+B2Kb)x(k) +B1Cd1xd1(k) +B2Kfxd1(k),xd1(k + 1) = Ad1xd1 +Bd1w(k + h1 + 1),




x(k + 1) = (A+B2Kb)x(k) +B1Cd1xd1(k) +B2Kfxdd1(k),
xd1(k + 1) = Ad1xd1(k) +Bd1w(k + h1 + 1),
xdd1(k + 1) = Ad1xdd1(k) +Bd1w(k + h1 + 1),
z(k) = (C1 +D12Kb)x(k) +D11Cd1xd1(k) +D12Kfxdd1(k).
???? Sr ????? Hzw ?????? Sac ????????????????Kf =[














0 k0 · · · kh1−2 kh1−1
k0 k1 · · · kh1−1 kh1
 . (5.13)
???????????????????
MAd1 = ATd1M, (5.14)
MBd1 = KTf . (5.15)
5.3 ??????????????????????? 63








xd1(k + 1) = Ad1xd1(k) +Bd1w(k + h1 + 1),





f w(k + h1 + 1),















]T ?????? [68] ? H2 ??????
??Sr′ ? ‖Hzw‖2 < γ2 ????????????????????? (5.11)??? (5.12)
????????????x˜dd1(0) = xd1(0) = 0h1+1 ???????? Sr′ ????? Hzw
? Sac ???????????????????????
???????????????? K˜f ? Acl ???? Bcl ?????????????
????????????? (5.11)??? (5.12)? K˜f ????????????????
Kf ????????????????????????????????????????
???????????????????????????
?? 5.1 Sr′ ????????????????????????????? [69]????
??????????????????????????????????????????
???????????????????? (h∗ = h)??????????????????
???????????????????Sr′ ????????????? n(h+1)????
????*2??????? n+r(h+1)+pr(h+1)?????????????? h????
?????????????????????? 6????? n+ r(h+1)+ pr(h+1) = 39
??? n(h+ 1) = 66?????????????????? LMI?????????LMI
??????????????????
????????????????H2 ???????? Kf ?????????????
???????????????? H∞ ?????????
? 5.1 ???? S ???????????????????????? Kb ??????
??? (5.10) ????????????????????? γ∞ ???? H∞ ????
‖Hzw‖∞ < γ∞ ????????????????????? Kf ???????????
*2 ???????????????????????????? (hi = h)?
64 ? 5? ???????????????
?????????????????? P ??? K˜f ???????????
P AclP Bcl 0
PATcl P 0 PC
T
cl
BTcl 0 Ir 0




?? ?? [68]???? Sr′ ?????????????
5.3.2 ????????????
?????????????????????????????????????????
?????????? ufb = Kb(z)y ??????????????????
xc(k + 1) = Acxc(k) +Bcy(k), (5.16)
ufb(k) = Ccxc(k) +Dcy(k), (5.17)
??? xc(k) ∈ Rnc ???????????????? H2 ?????????????
??????????????????????
? 5.2 ???? S ?????? (5.16)??? (5.17)?????????????????
??????????Kb(z)????????
u(k) = Kb(z)x(k) +Kfxd(k) (5.18)
????????????????????? γ2 ????H2 ???? ‖Hzw‖2 < γ2 ???
??????????????????Kf ??????????????????????
??????? P,W ??? K˜f ???????????











A+B2ZuDcC2 B2ZuCc B1Cd +B2ZuDcD21Cd B2ZuB˜
T
dp
BcZ˜uC2 Ac +BcD22ZuCc BcD21Cd +BcD22ZuDcD21Cd BcD22ZuB˜
T
dp
0 0 Ad 0


















Zu = (Iq −DcD22)−1, Z˜u = Iq +D22ZuDc.
?? 5.1???????????? Ac, Bc, Cc ???Dc ????????????????
???? P , W ??? K˜f ?????????????LMI???????????????
?? 5.2 ? 5.2 ????????????????????????????????
????????????????????????????????????????
C2 = In, D21 = D22 = 0??????????? 5.2? LMI?????? Acl, Bcl, Ccl ??
? xc ??????????????Dc = Kb ????????????
5.3.3 ???
????????? [70](Example 2) ???? PI ??????????????????
??????????????? [70]?????????????????????????
???? [66]????????
x(k + 1) =















?????? z = −1.29?????? (|z| > 1)????????????????????
????????????????????? (?? C ???)? PI ??????????
????????????
xc(k + 1) = xc(k)− 0.374y(k),













(uff (k)− uff (k − 1)).
66 ? 5? ???????????????
Table 5.1 AchievedH2 norm for each method.
?? [70] ?? [66] ? 5.2
0.0258 0.0214 0.0223
???? w(k) ? h ????????????????????||Hzw||2 ????????
?????????????????*3?
???? h = 2 ????????????????????? 5.2??? [70] ?????
[66]????????????? 5.2??? [70]????????????????????
?????????????????????
uff (k) = Kf
[
w(k) w(k + 1) w(k + 2)
]T
,
??? Kf ????????????????????????????? [w(k) w(k +
1) w(k + 2)]T ???????????????????????????????????
[66]?????????????? 5????????????????????????
uff (k) = Kf (z)
[
w(k) w(k + 1) w(k + 2)
]T
, Kf (z) = Cf (zI5 −Af )−1Bf +Df .
Table 5.1??????????????? H2 ??????????? [66]???????
?????????????????????? 5? (= (n+ h)?)????????? [70]
????? 5.2???????????????????????????????????
??????????????????????????????????????????







?????????????????????????????????H2 ??? H∞ ??
?????????????????????? H2 ??????????????????
?????????????????????????????????








??????? AWIATOR???????????????? GLA????? [71]???
H∞ ???????????????????????????????????????
























































?????? V m/s???????????? h×∆t× V m???????? h????
?????? wg(k + h)??????????????? [80]?????????????
????????? (????? 2???????)??????????????????
6.2 ?????????? GLA?? 69























?MuPAL-α*1? Fig. 6.2???????????? FBW???????????????
???????????????????????????????????????DLC




*1 MuPAL? “Multi-Purpose Aviation Laboratory”(????????)???
70 ? 6? ????: ???? GLA??
Z
XY
Fig. 6.2 MuPAL-α ( c©JAXA) and its body-fixed coordinate system. X: out the nose
of the aircraft. Y: out the right wing. Z: down through the bottom.
??????????????????????????
















??? u(k), w(k), q(k), θ(k), δe(k), δd(k) ??????????????????????
? X ?????? Z ????????????????????????DLC??????
???????? DLC???????????????????????????δe(k)?
?? δd(k)? x(k)?????????????????? az ??????????






?????????????? δec ??????? az ??????????????????




6.2.3??????????? GLA??????????????????? az ????
?????????????? H2 ??????????????????? L2 ?????
????????????????? H2 ???????????????? (?? [83]??
2.3????)?????????????????/??????????????????
??????????? 1G?????????????????????????????































 , D11 =
 Dw0
0








? (6.1)(6.2)(6.3) ????????? S ???? GLA ???????????????
??????? 0.1 ????????? h = 10 (1.0 ????)?????????????
(Q,Re, Rd) = (1, 10, 100)?????????????????????? 2???????
?????
Case 1. ???????????????




?? S ???????? H2 ????????????????????????
Kb(z)????????? Sa ?????????? xd(k)????????????
72 ? 6? ????: ???? GLA??
Table 6.1 Types of designed Kb and Kf .
Case 1 Case 2 Case 3
Type of Kb dynamic dynamic dynamic
Type of Kf dynamic static static
Table 6.2 Achieved H2 norm and controller order for each case.
Case 1 Case 2 Case 3
H2 norm 0.8380 0.9404 0.8384





?? S ???????? H2 ????????????????????????
Kb(z) ?????????? 5 ??? 5.2 ???????????????????
Kf ?????
????????Kb,Kf ???? Table 6.1??????
6.4 ??????????
Table 6.2????????? H2 ?????????????????????????
?????????Case 2????????????????????????????Kf
????????????????????????H2 ????????????????
??Case 3????????????????? Case 2????????????????
? Case 1???????????????Case 3???????? Case 1???????
????????Case 1???????? Sa ????H2 ???????????????
????Sa ???????? (n+h+1)?????????? Case 2??? Case 3???
????????????????? n ????? S ?????????????????
???????????????????? n????????????????? (Case 3)
???????????????????????????????????????
Figs. 6.4–6.6 ??1-cos ?????? (Fig. 6.3) ??????????????????
6.4 ?????????? 73


















































Fig. 6.4 Time histories of elevator and DLC commands for each case.
??????????????? (Fig. 6.4) ???????Case 1 ??? Case 3 ????
????????????????????? (Fig. 6.5)????????????????
Fig. 6.6???????????????Case 1??? Case 3???Case 2???????
??????????????????????????????????? (Case 3)??
??????????????????????????????????????










































































































78 ? 7? ?????
































? 3.4.3?????????????????? DΓ ?????????????????
?????????????????????????????????????? [36]??
???????????DΓ ?????????????????????????????




7.2.2 ????????? GS?????? Bc ????????
?? 4.1????????????????????????????????? (Bc(θ) =
Bc)??????????????? Y∗ ? Bc???? S∗ ? Bc ????????????
???Bc ?????????????? LMI?????????????????????
???????????????????? 8??????θ = 0????????????
H∞ ??????????????? Bc ???????????????????????
???????????????????? Bc ????????????????????





???????? 5.2 ?????????????????????? (??????? H2
????????????) ????????????????????????????
????????????????? H2 ??????????????????? (???
????) H2 ????????????????????????????????? (?
?? [66] ??)???????????????????????????????????

















????????????????????????????? H∞ ?? (structured H∞
synthesis)??? [85]*1???????????????????????????????








??? GLA????????????? [88]???????????? C∗ ???????









?? 4.1 ????? (4.7)–(4.10) ??? [28] ????????????????????
???? 3.1?????????? (4.4)–(4.5)?????????????
?????????????? (4.8)–(4.10) ?????????? θ ∈ [θk, θk+1], k =
0, 1, . . . , N ??????? (A.1)?????????
Q11 = A(θ)YS(θ) + YS(θ)A
T (θ)− ω∆Yk∆θk ,




c − ω∆Sk∆θk ,




c − ω∆Sk∆θk ,
??????? (A.1)????? “≪”????????????????????????
???????????????????? l??
• ?????????? θ ∈ [θk − l2 , θk+1 + l2 ], k = 0, 1, . . . , N ????? (A.1)???
?????









Q11 = A(θ)Y (θ) + Y (θ)A
T (θ)− ω ∂Yk∂θk ,




c − ω ∂Sk∂θk ,




c − ω ∂Sk∂θk ,
???????????
82 ?? A ?? 4.1???
Q11(θ) Q12(θ) Y (θ)C
T
1 (θ) B1(θ) −S(θ) 0
QT12(θ) Q22(θ) S(θ)C
T
1 (θ) BcD21(θ) 0 −S(θ)







11(θ) −γI 0 0
−S(θ) 0 0 0 0 0






















I 0 0 0 −ϵI 0




























I 0 0 0 −B2(θ)Cc(θ) −B2(θ)Cc(θ)
0 I 0 0 −Ac(θ) −Ac(θ)
0 0 I 0 −D12(θ)Cc(θ) −D12(θ)Cc(θ)
0 0 0 I 0 0

(???? V ΓS (θ) = Ac(θ)GΓS(θ),WΓS (θ) = Cc(θ)GΓS(θ)???????)?????????
??????????????? (4.5)?????????????
????Ac(θ) ??? Cc(θ) ????????? GΓS(θ) ?????????????
????? (4.8) ??? (4.9) ???−ϵ(Gk + GTk ) < 0 ??????ϵ > 0 ?????
? Gk ??????GΓj + GΓj
T
> 0 ????? (j = 0, 1, . . . , NΓ + 1)????????
???????? λmin((A + A∗)/2) + λmin((B + B∗)/2) ≤ Re[λi(A + B)] ??????
GΓS(θ) = (1− α)GΓj + αGΓj+1 ??????? (θ ∈ [θΓj , θΓj+1], α :=
θ−θΓj
θΓj+1−θΓj




















? θ ∈ Θval ???????????????????????GΓS(θ)???????????























a(s) 0 − e(s)a(s)
0 c(s)a(s) 0




? (|e(s)| ≈ 0)???????? Σ(θa) ≈ Σ(180 − θa) ?????????? 90 ? (???
270 ?) ?????????????????????????? 4 ??????????










Fig. C.1 ??????????????G1(z), G2(z) ????????????????
???????????????????????K(z)????????z−h ???? h?
????????????????????????? w(k)???????????? h?
????????? w(k + h)??????????????????????? 6????
? GLA??????????????????? z ????? w(k + h)????????
?????????????????????

















Fig. C.1 A simple preview control problem.
86 ?? C ??????????????????
















(z − b)zh =
1
(z − b)zh
(−(1− b−2)b−h+1zh+1 − (1− b−2)bz














b− z = (z − b)z








−b−h+1zh+1 + (z − b)
(
z


































































???? (p > 1??? r > 1)???
??? 5.1???????
?????????? (5.13) ???????????????????????????
xdj (k)????? wj(k) ?????????
xdj (k + 1) = Adjxdj (k) +Bdjwj(k + hj + 1),
wj(k) = Cdjxdj (k), for j = 1, . . . , r.
?????? Sac ????????????
Sac :
 x(k + 1) = (A+B1Kb)x(k) +B2Cdxd(k) +B1Kfxd(k),xd(k + 1) = Adxd +Bdw(k + h∗ + 1),
z(k) = (C1 +D11Kb)x(k) +D12Cdxd +D11Kfxd(k),
?????????? xd(k)?? 5.3?????????????w(k + h∗ + 1)?????
?????????????????????????????
w(k + h∗ + 1) :=

w1(k + h1 + 1)
w2(k + h2 + 1)
...





x(k + 1) = (A+B1Kb)x(k) +B2Cdxd(k) +B1Kfxdp(k),
xd(k + 1) = Adxd +Bdw(k + h∗ + 1),
xdp(k + 1) = Adpxdp +Bdpw(k + h∗ + 1),
z(k) = (C1 +D11Kb)x(k) +D12Cdxd +D11Kfxdp(k),
??? Adp ?? 5.3????????????????????????????????
?????
Bdp := 1p ⊗Bd ∈ Rp
∑r
j=1(hj+1)×r,


































????????? xdp ??wj ????????????????? u1, . . . , up ?????
?????????????????????? xd ????? p?????????????
? (5.13)??????M(Kf )????????????????
M := diag{Mf11 , . . . ,Mf1r ,Mf21 , . . . ,Mf2r , . . . ,Mfpr},










???????????????? xdp(k) =M−1x˜dp(k) ??????? Sr ??????
? S ′r ?????????
Sr′ :

x(k + 1) = (A+B1Kb)x(k) +B2Cdxd(k) +B1B˜
T
dpx˜dp(k),
xd(k + 1) = Adxd +Bdw(k + h∗ + 1),




fw(k + h∗ + 1),
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